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unc le r  r . 'acuum for  3  h .  For  e lec t rochemica l  charac tc r iza t ion .  c lcc t roc lcs  r re  re
l 'o rmcc l  b1"  c l ipp ing  Pt  fo i l  in  a  suspens ion  o f  the  reac t ion  nr i r tu rc .  ( -hcr l i ca l

ana lvscs .  Exper i rnenta l :  16 .4 : l " / , ,  ( .  1 .67  ? ,  N.  l . l2 . l ' l , ,  H . .12 .65 ' ) i ,  N lo .  ( 'a l

cu la ted  l i r r  C 'a l l3N(PMo13O11y)11 11  H lO:  16 .91  ' /n  ( - .  .+ .92 ' ln  N.  I  . J6 ' ) \ ,  H
-1.1.61 ' /o Mo.

Elet ' trocltemict l  stt t t l te.sis ol thc l t tbr id [ ' l ' t ' /PMo]2:This n'as pcrlornte cl
bv mult iple cvcl ic vol lamnlograrls using a Pt loi l  rvorking clectroclc. a A{,/
AgCl  re l 'e rence e lec t rode.  and Pt  co i l  as  coun lc r -c lcc t rodc .  Thus .0 . t ) l  g  o l
H 1 [ 1 V l o 1 2 C ) 1 1 1 ]  . r F I l O  ( . r  =  1 7  a s  d e t e r m i n c c l  b y  T G A .  F W  -  2 1 i 1 . - 5 ) u a s  c l i s -
so lvcd  in  -50  ml -  o l  l v i i te r  and r r r i xed  rv i th  a  so lu t ion  o f  0 .70  mL o f  pvr ro lc  in
50 mL o f  rva ter .  Thc  mix tu rc  tu rned ins tan tanenus lv  f ronr  re l lou  lo  b luc
clue to the ptrrt ial  oxidation of pvrrole bv the phosphonrolvbclatc. l-he com-
p le te  ox ida t ivc  1 - ro lvmcr iza t ion  lv i i s  car r ied  ou t  bv  consecut ive  cvc l i c  po ten-
t ia l  scans  f ronr  +0 . -5  to  -0 .2  V  (vs .  Ag/AgCl )  a t  a  scann inq  ra te  o f  I  n tVrs .
( 'hcmica l  ana lvses  revea led  exper imenta l  . " 'a lues  o f  20 .6-5% C.6 . l . l "4 ,  N .
i lnd l . . l r)  qi) H.
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Replica Molding Using Polymeric Materials:
A Practical Step Toward Nanomanufacturing':"i'

Bv Yotrrturt Xiu, .lube:..1. McClellotId, Ro.ieev Guptu,

Dong Qirt,  Xiuo-Mei Zltuo, Lvdia L. Sohrt,

Robert .1. Celottu, and Oeorqe M. White.tirle.t'i '

Th is  papcr  c lescr ibes a pract ica l  proccdurc- rcp l ica

molc l ing o [ 'organic  po lvmers against  mastcrs  hav in .q  nano-

meter -s izec l  rc l ic f  features on the i r  sur faccs- to  fabr icate

nanost ructL l re  s  ( that  is .  s t ructures wi th  feature s izcs

<  l ( ) ( )  nn r  i n  c l i r t r e  ns io r t  ) . 1 ' l  Nan , , . l r uc l u r cs  a r c  i nc r c r r s i r t g l r

impo r t l l l r l  i l \  c ( ) r np ( )nc l . l t s  i n  ncw  tYpcs  o f  e  l ec t r ( ) n i c .  n r i l g -

nct ic  anc l  opt ica l  c lev iccs.  Thc\ ,  are  now orc l inar i lv  fabr i -

cutcc l  bv  ac lvancec l  l i thosraphic  techniques such i is  e-beam

\\ ' r i t ins .  X- rav l i thographv anr l  prox imal -probe l i thog-

rnph\ ' .  r l  These techniques arc  l . lex ib lc  and capablc  o f  pro-

v id ing \  e  r \  smal l  fcaturcs.  but  the i r  deve lopment  in to

r re thor ls  lor  qcncrat ing laree numbers o l 'nanost ructures a t

I o r r  cos l  r r  i l l  r e  qu i re  g r c i r t  i nge  r ru i t r . l t l  The  rnanu l ' t r c t u r i ng

of  nanost rL lc tL l rcs .  that  is .  thc  nrak ing of  mul t ip le  cop ies re-

proc luc ib l \ ' .  rap ic l l i '  anc l  a t  k ru  cost .  rv i l l  requ i re  new proce-

durcs:  nrc thor ls  L ls inq organic  po lvmers.  for  cxamplc .  im-

pr in t inq (or  cntboss ing)  us ing a r ig id  master . l r l  and po l r ' -

mer izat ion in  thc  n i lnon lc ter -s ized pores o l 'a  mernbrane.F l

hzrve bccn clcnronstmtccl fr lr  this purpose.

The pnrccc lure repor tec l  hcrc  is  bascd on rcp l ica molc l ing

using organic polvmers. a technique that has founcl \ \ ' ic le-

spreac l  app l icat ions in  the manufactur ing o f  micronrc ter -

s ized s t ructures such as d i f f rac t ion grat ing,s . l " l  cornpact

c l isks. tT l  anc l  microtoo ls . l t ' "1  Here.  we extenc l  rep l ica n lo lc l ing

to  the fabr icat ion o f  nanometer-s izec l  s t ructures.  Rcpl ica-

t ion against  e lastomcr ic  ( ra thcr  than r ig id)  mastcrs  cnor-

mouslv  increases the ease of  separat ing the master  and the

repl ica. protects the fragi le structures during separzrt i()n.

and min imizes damage to  the master .  Moreover .  ex tens ion

of this proceclLlre-repl iczi molding against i ln elastomeric

master  whi le  i t  is  bcnt  mcchanica l ly -a l lorvs  the fabr icat i t ln

of nanostructures with a level of control over the form and

s ize o f  the pat tern that  is  not  poss ib le  wi th  er is t ing tech-

n iques . l l o ' 1  l l

F igure 1A shows the procedure schemat ica l ly .  A l iqu ic l

prepolvmer  o f  po lv(d imethv ls i loxane)  (PDMS) is  cast
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P o u r  P D M S  p r e p o l y m e r  o v e r  m a s t e r

r +. . ou  
nm

-50  nm

Fig .  l .  Schcr r ra l i c  i l l us t ra t ion  o l  the  procec lu rc .

against  an or ig ina l  master  whose sur face has been pat -
terncd wi th  nanometer-s ized re l ie f  s t ructures.  macle  us inq
advanced l i thographic  technrques:  these features cou lc l  be
SiOr ,  S i rN1.  meta ls .  or  photorcs is ts .  for  example.  po lv-
(methy lmethvcrv la te)  (PMMA).  Af ter  cur ing.  the cross-
l inked and e lastomcr ic  PDMS is  carefu l lv  peeled f rorn the
maslen i ts surface repl icatcs the rel ief nanostructures cl l t

the surfacc of the original master. The nanostructures pres-

ent  on the PDMS rep l ica er re .  in  turn .  re- rcp l icated us ing a
r ig id  organic  po lvmer .  for  examplc .  an photochern ica l ly -

curab le  po lvurethanc (PLJ) .  to  producc po lymcr ic  nano-
s t ructures vcrv  s imi lar  to  (or  inc l is t ingu ishable  l rom) thc tse
on the sur face of  the or ig ina l  master .  Repl ica molc l ing o f
PLJ against  a  PDMS master  cou ld  a lso be carr iec l  out  whi le

the PDMS master  is  bent  mechanica l lv  (see F ig .  1B) :  th is
proccdure generates PtJ nanostructures having smallcr fca-
ture s izes than those on the or ig ina l  mastcr .

Figure ? shows atomic force microscopy (AFM) images
of a Cr mastcr. l l r ]  i ts PDMS ancl PU repl iczrs made from
the PDMS master. The most important feature of this
rep l icated PU nernost ructure is  i ts  rcp l icat ion o f  nano-
mete r-scale features. Thc heights of the Cr l ines on the ori-
g ina l  Cr  mastcr  are -  l3  nm.  and the he i -ehts  o f  the PU l incs

are -8  nm.  
- lhese 

images dcmonst ra te  that  w i th in  our  ab i l -
i ty to compare similar structures. the nanostructures are
faithl 'ul lv reproduccd over a large area.

We also monitorecl the reduction in qual i ty of the nano-
structures on the original master and the PU repl icas. Fig-
ure 34. shows an AFM image of a gold master bel 'ore i t

B e n d  P D M S ,  M o l d  P U

P D M S

I  f l  r r a  P l  I  n o o l  n f f

t

3 n m

c)
6J

Fig .  3 .  r \ f r \ l  in t tq .cs  o l  top  )  ( - r  mustc r .  r r r i ck l l c  )  i l \  I ' }DNlS rcp l i c i r .  l r rc l  bo t tonr  )
P l ,  rcp l i cu  l l -onr  l l r c  PDMS mls lc r . ' l -hc  r rppu le  n t l r 'poor  qu l l in ' f i r r  thc  in r i rqc
o f  the  PI )  l \ l  S  n r i rs lc r  u  rs  u  chuntc tc l i s t  i c  o l  A  l : \ l  i n ra ! l cs  o1 '  t  hcsc  c l i t s ton te  l i c
nra tc r i i l l s .  t rnd  pro l rub l r  rc t l cc ts  c l i s lo r t ion  o l  t l r c  sur l i rcc  o l  thc  c lus tonrc r  b r

t h c  p r o r i n r i l r ' o l t h c  p r o l - r c .  m t h c l  t h u n  t h c  i n r p c r l c c t i o r r  i n  t h c  s u l l l c c .

was usecl to cast PDMS masters: Figurc 38 shorvs an AFM

imagc of this gold master af ' ter i t  has bccn r"rsccl to cast se-

ven PDMS rep l iczrs .  No obscrvablc  rcc luct ion in  qual i tv  was

found in  these go lc l  nanost ructurcs.  F igurc  3C shows i tn

AFM imagc of  thc  f i rs t  PLJ rep l ica qenerated f rom the

fourth PDMS master cast I ' rom this gold master: Figure 3D

is  an AFM i rnage of  the s ix th  PLJ rep l ica cast  f rom the f i f th

PDMS master .  Again .  no obv ious change in  qual i tv  wz ls  ob-

scrved for  these nanost ructures on the PtJ  rep l icas.  Th is

procec lurc .  thcrc forc .  has thc capabi l i tv  o f  generat ing rnu l -

t ip le  cop ies o f  nanost ructurcs s tar t ing f rom a s ing le  master .

Both the s i rnp l ic i t ,v  and low cost  o f  th is  proccdure conf i rm

i ts  potcnt ia l  use in  nanomanufactunng.

F igure 3E shows an AFM image of  another  go ld  master

hav ing features o f  - -50 nm in  s izc :  F igurc  3F shorvs an

AFM image o i  a  PLI  rep l ica cast  I ' rom a PDMS mastcr  (cast

f rom th is  so ld  mastcr )  whi le  i t  was benl  mechanica l lv  (see

Figure lB) .  
- fhc  

d imension of  thc  fcaturcs was rcduccd

from --50 nm to -30 nm in this process.

This work dcmonstratcs a practical protocol basecl on re-

p l i ca  mo ld ing  l i r r  t he  l ah r i ca t i o r r  o l '  s t r uc tu r cs  i n  o rgan i c

po lvmers wi th  la tera l  d imensions as smal l  as  -30 nm.  Re-

centlv. Chc-ru trnd cc-r- lvc-rrkers demonstrated a related proce-

t l'EIn

f t :

M o l d  P U

P D N 4 S

Cure  PU

I
lFl

O(t'

c \ ,

o
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I : ig .  .1 .  AFM iu l rg ,cs  o l  , \ )  Au  n l rs tc r  l rc t i r rc  i t  uas  uscc l  to  c ls t  P [ ) \ ' lS  rcP l t -
c u s :  B ) A u  n r a s t c l  l t l t e l  i l  h a s  b c c n  u s c c l  t o  c a s t  s c \ c l t  P D N I S  r e l t l i c u s :  (  )
t l t c  l i r s t  P t i  rep l rc i r  p toc luccr l  t l ' onr  thc  l i ru r th  PD\ ,1S l r l t s tc r  cus t  1 l 'on t  thc
. . \u  rnas tc r :  D)  thc  s i r th  PL ' r ' cp l i ca  cus t  l r .on t  the  t ' i l ' th  PDI \ lS  n la \ tc r  c ls r
l l ' o rn  th is  Au nras lc r ' :  [ : ) l r r r t r t l t c r - r \u  n tas tc r  bc f i r l c  r t  u i ts  L lscc l  to  cas t  PDNIS
lcP l icas l  anc l  F )  thc  f 'L  l cP l i c i l  gcncra tcc l  1 t 'on t  a  PDIVIS n t i t s tc r  (cus t  l l -onr
th ts  Au t r tas lc r - )  r r ' l r i l c  th is  c lus tonrc r ic  n r i t s tc r  uas  n tcchan ica l l r  c lc l i r r r t rc r l
l r v  hcnd ing .

c lure-crnboss ing in  organic  po lvntcrs- tha l  generatcs

polvmenc features rv i th  d i rncns ions of  - - l -5  nm. l l l  These c lc-
monst rz i t ions make i t  c lear  that  the fabr icat ion o f  mul t ip lc
copies o f  nanost ructured organic  po lv lncrs  is  a  pract ica l
real i tv. Thcsc tvpes of repl icat icln prutceclures providc a
conceptua l  routc  to  nanomanuf i lc tur ing:  convent iona l  h igh-
rcso lu t ion l i thouraphic  techniqucs would bc usec l  to  rnakc
nrasters .  and these s t ructures woulc l  then be rep l icatcd in to
organic  po lvmers.  The ab i l i ty  to  make both pos i t ivc  and ne-
gat ive rep l icas.  and to  modi fv  the c l in tcns ions anr l  shapcs of
tcaturcs present  on e lastomer ic  masters  bv rnechanica l  de-
Iormat ion.  adds fur ther  f lex ib i l i tv  to  th is  methodolos ' r ' .
L . rs ing nanost ructures to  senerate  c lcc t ron ica l l r ' .  opt ica l lv .
l tnc l  magnct ica l l ' r '  funct iona l  components  zrnc l  svstems wi l l
rcqu i re  a  development  o f  ncw technolog ies:  the prcscnt
l in r i t ins  s tep.  i .e .  the mass product ion o l '  nancts t ructurcs.
f inc ls  a  ra  nse of  potent ia l  so lu t ions in  th is  r ,vork .
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i n  t h i s  P l P c r  i n  o r c l c r  t o  u c l c r l u u l c l r  s p c c i f r  t h c  c r p c r i r n c n l u l  P r o c e c l u -
t ' c .  Suc l t  i t l cn t i l i c l t t ion  rk rcs  no t  i r lp l l  l cconrn tenc l l r t ion  or  cndorsc-
n r c n t .  n ( ) r ' r l o c :  i t  i n r p l r  t h i r t  t h c  r l r i r t c r i i l l s  o l  c q u i p n r c r r t  r d c n t i l i c d  t r r c
n c c c s s r r r i l r  t h c  b c s t  r t r  a i l l l r l c  l o r  1 h c  n u r n o s c .

A New Method for Chemical Modification of
Conductive Polvpyrroles Without Destroying
Their Conductivity':"i'

Bv l/o1rrll'u Orttt,'t ' C'ltikurtori Tsttkunturu, Yortlu N()Lnrtro,
I I i t l rc I t i rottugtt. ' lhkushi Mttruslt inur, and Tuktt j i  Ogawu

Elect ron ica l lv  conduct ing an ln- ra t ic  po lvrners  have hccn

the ob ject  o l '  a  great  amount  o f  rescarch in  recent  vears .

I " l  [ ) r o f  .  N .  O n o .  ( ' .  T s u k a n r u r . i r .  Y .  N o n t u n r .  I I .  I l i n r n a g i r .
Dr - .  T .  Mr , rn tshr rnu .  Dr .  l .  O l ta r ia
L)cpur tn rcn t  o1  ( 'hen ' r i s t r - r .  F i tcu l t r  o l  Sc icncc
E l t i r n c  L , n i v c r s i t v
Matsuvanra  7 tX)  ( . lapan )

: " r '  
1  Th is  re  sca lch  \ \  us  supp( ) r tcd  b t  a  ( i lan t - in -A ic l  l i r r  Sc icn t r f i c  Rcscarch

o n  a  P r i o r i t r  A r c a  ( N o . 0 7 1  1 . 5 2 6 1  )  l r o n r  t h c  N l i n i s t n , o l ' E d u c i r t i o n .  S c i -
c r rcc .  Spor ts  lnc l  ( 'u l tu rc  o l  thc  J i r l ' r lnese ( lo r  c rnn te  n t .
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